Protein kinase inhibitors with enhanced selectivity can be designed by optimizing binding interactions with less conserved inactive conformations because such inhibitors will be less likely to compete with ATP for binding and therefore may be less impacted by high intracellular concentrations of ATP. Analysis of the ATP-binding cleft in a number of inactive protein kinases, particularly in the autoinhibited conformation, led to the identification of a previously undisclosed nonpolar region in this cleft. This ATPincompatible hydrophobic region is distinct from the previously characterized hydrophobic allosteric back pocket, as well as the main pocket. Generalized hypothetical models of inactive kinases were constructed and, for the work described here, we selected the fibroblast growth factor receptor (FGFR) tyrosine kinase family as a case study. Initial optimization of a FGFR2 inhibitor identified from a library of commercial compounds was guided using structural information from the model. We describe the inhibitory characteristics of this compound in biophysical, biochemical and cellbased assays, and have characterized the binding mode using X-ray crystallographic studies. The results demonstrate, as expected, that these inhibitors prevent activation of the autoinhibited conformation, retain full inhibitory potency in the presence of physiological concentrations of ATP, and have favorable inhibitory activity in cancer cells. Given the widespread regulation of kinases by autoinhibitory mechanisms, the approach described herein provides a new paradigm for the discovery of inhibitors by targeting inactive conformations of protein kinases.
A modeling approach was employed here for targeting inactive kinases that is distinct from the model utilized in the design of Type II inhibitors. Efforts were focused on the design of inhibitors which stabilize the autoinhibited state, postulating that mimicking nature's own way of regulating kinase activity may provide guideposts for inhibitor design (9, 10) . In their natural state, kinases employ diverse mechanisms to control activation, and many can adopt a wide spectrum of inactive conformations through the positioning of the kinase loops and/or interaction of the catalytic site with autoinhibitory regulatory elements. However, structural information from crystallographic studies is limited, since autoinhibited kinases are difficult to crystallize, and important regulatory domains are frequently omitted in crystallization experiments.
The recently described co-crystal structure of a small molecule inhibitor of c-Met, ARQ 197, bound to the inactive kinase (11) was employed. In this case, the autoinhibited conformation was stabilized by unusual and extensive hydrophobic interactions. Comparison of this structure with other autoinhibited and inhibitor-bound inactive kinase structures in the public domain led to the identification of networks of hydrophobic regions that are formed by the interaction of three to five non-polar residues. It was hypothesized that, in the autoinhibited conformation, these hydrophobic residues interact to form 'hydrophobic clusters' that stabilize the inactive state of the kinase and interfere with ATP binding. These conserved hydrophobic clusters were utilized as the basis for the design of novel small molecule kinase inhibitors.
A generalized model of a hypothetical inactive kinase conformation was developed using computational methods which combined structural elements of inactive kinase conformations with the hydrophobic clusters present in the c-Met-ARQ 197 complex. Described herein is the application of this model to identify a series of fibroblast growth factor receptor (FGFR) tyrosine kinase family (12) inhibitors. An extensive array of biophysical and biochemical assays was utilized to measure and characterize the interactions of these inhibitors with the inactive kinase, as well as to determine the effect on autophosphorylation and substrate activation of FGFR kinase. Particular attention was paid to carefully controlling the activation state of the kinase as well as to elucidating kinetic mechanisms of inhibition. Additionally, the biological activity of these inhibitors in a cell-based assay is described as well as the effect of systematic mutations on inhibition of autophosphorylation.
Experimental Procedures
Protein expression and purification-The gene that encodes the kinase domains of FGFR1 (residues 462-765) or FGFR2 (residues 458-768) was inserted between the BamH1 and Sal1 site of pET15b vector and biscistronically cloned at Sal1 site with the lambda-phosphatase gene that carries the second ribosome binding site. Two mutations were introduced in FGFR1, Cys488Ala and Cys584Ser, to prevent formation of disulfidelinked oligomers (13) . The inactive form of FGFR constructs were co-expressed with lambdaphosphatase as 6xHis-fusion proteins that carry a thrombin cleavage site for tag removal. Protein was expressed in BL21 (DE3)-RILP Codon Plus competent E.coli cells (Stratagene) with 2x-YT media supplemented with 100 mg/ml Ampicillin. The culture was grown at 25 o C (250 rpm) on a shaker (Innova 43 refrigerated) for 5 hrs. Growth was monitored by following the OD600 of the culture. Once a reading of OD600 = 0.5 was obtained the incubator temperature was reduced to 12 o C and growth continued until OD600 = 0.6. The protein expression was induced by adding 250 M IPTG and the induction was continued at 12 o C for 16 hrs.
The cell paste was resuspended in 150 ml of lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 0.1% 2-mercapto ethanol) supplemented with 1mM PMSF, 40 mg lysozyme, DNAase-1 to 10 μg/ml (Stock = 10 mg/ml in 40% glycerol = 1000X) and the lysis was allowed to proceed for 30 minutes on ice. The lysate was sonicated using a Branson 450D on ice at 60% power. Following sonication, the lysate was mixed with TritonX-100 to a final concentration of 0.5%. Insoluble protein and cell debris were sedimented through a 45-minute centrifugation at 40,000g at 4 o C. The supernatant was loaded onto a pre-equilibrated Ni 2+ -NTA-agarose column.
The beads were washed with 20 column volumes of buffer containing 25 mM Tris, 0.5 M NaCl, 25 mM imidazole, pH 8.0, 0.1%. Protein was eluted with buffer containing 25 mM Tris, pH 8.0, 100 mM NaCl and 400 mM imidazole. The concentrated protein was digested with thrombin protease (1:1000 w/w) at 4 o C for 16 hours. The 6xHis-tag was removed by passing the digested sample into a second column of Ni 2+ -NTA-agarose, the flow through was collected and concentrated. The protein was further purified on an ion-exchange column using QFF resin followed by sizeexclusion chromatography on Superdex 200 column. The peak fraction was concentrated to 10-20 mg/ml. The purity of the FGFR1 and FGFR2 preparations was determined by SDS-PAGE and by MS analysis.
Crystallization, data collection and structure determination-ARQ 069 was dissolved in DMSO to a final concentration of 50 mM and added to FGFR2 or FGFR1 (15 mg/ml) protein in a 4:1 molar ratio. The final DMSO concentration was 2% before crystallization. Crystals of FGFR2-ARQ 069 complex were grown by sitting-drop vapor diffusion from a solution of 15% polyethylene glycol 4000 and 0.3 M lithium sulfate buffered with 100 mM HEPES at 25°C. The best crystals were obtained after several rounds of seeding. The crystals were transferred to the cryo solution containing the well solution and 15% glycerol and were flash frozen in liquid nitrogen.
FGFR1-ARQ 069 complex was crystallized with PEG 10000, 0.3 M (NH4) 2 SO 4 , 5% ethylene glycol, and 100 mM MES, pH 6.5 at 4 o C. The crystals were flash frozen in liquid nitrogen after transferring to a cryo solution consisting of well solution and 15% ethylene glycol. The FGFR2-ARQ 069 complex crystals belong to space group P 21212 , whereas FGFR1-ARQ 069 complex crystals showed monoclinic space group, C2. Both crystals contained two complexes per asymmetric unit. Data was collected at beamline X29A at the National Synchrotron Light Source (Brookhaven National Laboratory), processed using MOSFLM and merged using SCALA. The structure of the FGFR-ARQ 069 complex was solved by molecular replacement using MOLREP or Phaser as implemented in CCP4 software package (14) with the structure of apoFGFR2 (PDB ID; 2PSQ) or apo-FGFR1 (PDB ID; 1FGK) as the search model. The glycine-rich loop and activation loops were deleted in the model to avoid any model biased refinement.
The compound and the reorganized glycine-rich loop of FGFR1 were built into 2Fo-Fc and Fo-Fc electron density maps using COOT. The atomic model was refined using Arp/wARP and REFMAC. Data statistics are listed in Supplementary Table 1 . The structural figures were rendered with PyMol.
Continuous spectrophotometric kinase assay: autophosphorylation assay-Kinase activity was monitored using a continuous spectrophotometric assay as described previously (15) . In this assay, the consumption of ATP is coupled via the pyruvate kinase/lactate dehydrogenase enzyme pair to the oxidation of NADH, which is monitored through the decrease in absorption at 340 nm. Reactions contained 100 mM Tris (pH 8.0), 10 mM MgCl 2 , 1 mM phosphoenolpyruvate, 0.28mM NADH, 89 U/ml pyruvate kinase, 124 U/ml lactate dehydrogenase and 2% DMSO. Reactions were initiated by the addition of ATP to mixtures containing enzyme and various concentrations of ARQ 069.
The FGFR2 autophosphorylation reaction was carried out at 0.5 M enzyme concentration and 1 mM ATP. Cell based assay-Kato III gastric carcinoma cells were obtained from the American Type Tissue Collection (ATCC) and grown in complete RPMI1640 medium containing 10% fetal bovine serum (FBS) (Life Technologies Corp., Carlsbad, CA). Cells were plated in complete medium at a density of 1 x 10 6 cells per well (9.6 cm 2 ) in sixwell tissue culture plates (Becton-Dickinson, Franklin Lakes, NJ). Twenty-four hours following plating, Kato III cells were treated with the indicated concentrations of ARQ 069, to a final concentration of 0.3% DMSO (v/v). Cells were then incubated for 2 hours at 37ºC. After 2 hours, cells were treated with 150 ng/ml of keratinocyte growth factor (KGF), a growth factor that binds to and activates FGFR2b (16) for 15 minutes. Cells were lysed with E-PAGE buffer (Life Technologies Corp, cat #EPBUF-01), sonicated three times for 15 seconds and then heated for 10 minutes at 75ºC. Samples (10 L) were subjected to SDS-PAGE and western blotting as previously described (17) 
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Results
ARQ 523 was identified based on an in silico structural model of autoinhibited FGFR2-
Through an analysis of multiple structures of kinases in the autoinhibited form in comparison to the ARQ 197-bound c-Met crystal structure, a hydrophobic pocket was identified within the kinase cleft that is distinct from the previously described hydrophobic main pocket and the allosteric back pocket. Importantly, creation of this new hydrophobic environment imposes significant conformational rigidity on the activation segment and glycine-rich loop. As a result, the newly created hydrophobic region, which is not present in active kinase structures, becomes incompatible with ATP binding ( Supplementary Fig. S1 ). The three key structural motifs employed in model construction were (1) the relatively conserved phenylalanine residue of the glycine-rich loop, (2) the phenylalanine residue of the DFG motif and (3) the aliphatic side chain of the arginine residue from the A-loop.
Using this generalized structural template, homology models were built for multiple target kinases and were used in silico to identify a variety of inhibitors. In the work described here, the corresponding residues present in FGFR2 kinase were employed. The resulting FGFR2 homology model was used for virtual screening of compound databases to identify chemical scaffolds suitable for optimization. A promising template, ARQ 523 (5,6-dihydrobenzo[h]quinazolin-2-amine) (Fig 1A) , was identified using docking (ICM) and receptor pharmacophore fitting (Accelrys) (Fig 1B) .
ARQ 523 binds to unphosphorylated FGFR2 and inhibits autophosphorylation. To demonstrate that ARQ 523 binds to FGFR2 in solution intrinsic tryptophan fluorescence quenching was used. Confirmation that FGFR2 was purified in a nonphosphorylated state was provided by mass spectrometric (MS) analysis. Binding measurements provided a K d of 16 ± 3.9 M and confirmed the interaction of ARQ 523 with the inactive form of FGFR2. The inhibitory effect of ARQ 523 on FGFR kinase activation was assessed by following the kinetics of intermolecular autophosphorylation reaction (18) (19) (20) in a continuous spectrophotometric assay. The rate of autophosphorylation was reduced in a concentration-dependent manner with increasing levels of inhibitor. An IC 50 value of 18 ± 2.9 M confirmed that ARQ 523 inhibited FGFR2 autophosphorylation, (Fig. 1C and 1D ).
ARQ 069, an analog of ARQ 523, binds to FGFR2 in an enantiospecific manner.
Structural modifications were made based on the in silico model to optimize the potency of ARQ 523 against the inactive form of FGFR kinase. Introduction of a phenyl group at the 6-position of 5,6-dihydrobenzo quinazolin-2-amine (ARQ 523) created a chiral center producing two enantiomers: ARQ 068, the R-enantiomer, and ARQ 069, the Senantiomer. The impact of stereochemistry on inhibitor binding to FGFR2 was measured by indirect-affinity mass spectrometry (IA-MS), thermal shift (21, 22) , and intrinsic tryptophan fluorescence quench assays ( Fig. 2C and Supplementary Fig. S2 ). As predicted from the structural model, ARQ 069 had a significantly higher affinity for the protein relative to either ARQ 068 or ARQ 523. The affinity of the two enantiomers for FGFR2 was also quantitated by tryptophan fluorescence quench assay. While ARQ 069 showed an affinity for FGFR2 of 5.2 ± 1.4 M, ARQ 068 bound poorly (>100 M).
The nature of the interaction of ARQ 069 and ARQ 068 with FGFR2 was further characterized by measuring the change in intrinsic fluorescence of the two enantiomers. ARQ 069 displayed a blue shift of the emission maximum, from 404 nm to 393 nm, with a concomitant decrease in the emission intensity. ARQ 068 showed no change in either the emission intensity or the maximum. A blue shift of 11 nm upon addition of FGFR2 to ARQ 069 indicates that the binding involves strong hydrophobic interactions ( Fig. 2A and 2B ). These results collectively are in agreement with the predicted mode of binding and confirm the enantiospecificity of the hydrophobic interaction with FGFR2.
ARQ 069 targets the inactive forms of FGFR1 and FGFR2 kinases and inhibits their enzymatic
activity. A peptide substrate phosphorylation assay was implemented using an enzyme-linked immunosorbent assay (ELISA) employing a biotinylated-Pyk2 peptide to determine the effects of the binding of ARQ 069 on FGFR2 and FGFR1.
When pre-incubated with unphosphorylated FGFR1 or FGFR2 prior to the introduction of ATP and peptidic substrate, ARQ 069 inhibited the enzymatic activity of both FGFR1 (IC 50 = 0.84 ± 0.15 M) and FGFR2 (IC 50 = 1.23 ± 0.03 M). By contrast, when ARQ 069 was pre-incubated with either phosphorylated FGFR1 or FGFR2, the potency of ARQ 069 in inhibiting Pyk2 phosphorylation was markedly reduced, with IC 50 values determined to be greater than 30 M and 24.8 M for FGFR1 and FGFR2, respectively (Table 1 ). These results demonstrate that ARQ 069 exhibits at least a 20-fold preference for binding to the unphosphorylated, inactive forms of FGFR1 and FGFR2 and that it does so in an enantioselective manner since ARQ 068 does not inhibit either the unphosphorylated or phosphorylated forms of either kinase.
ARQ 069 inhibits FGFR2 and FGFR1
autophosphorylation through a mechanism that is not ATP dependent. FGFR1 and FGFR2 were independently incubated with increasing concentrations of ARQ 069, and the inhibition of autophosphorylation measured in the presence of 1 mM ATP.
Both FGFR1 and FGFR2 autophosphorylation were inhibited with IC 50 values of 2.8 ± 1.3 M and 1.9 ± 0.9 M, respectively (Fig. 2D) . Next, the effect of ATP concentration on the apparent potency of ARQ 069 inhibition of FGFR2 activation was evaluated. The rate of FGFR2 autophosphorylation in the absence of inhibitor increased with ATP concentration, and plateaued at 1.4 mM ATP (Fig.  3A) . At ARQ 069 concentrations of 20  over 90% of autophosphorylation was abolished, and further increases in ATP concentration, even up to 5 mM, had no effect (Fig. 3B) . When the autophosphorylation inhibition potency (IC 50 ) of ARQ 069 is plotted as a function of ATP concentration, the inhibition is shown to be ATPindependent (Fig. 3C) . The kinetic behavior of ARQ 069 was compared to the previously characterized, non-ATP competitive Src inhibitor, PP2 (23) that also inhibits FGFR2. Interestingly, PP2 was ATP competitive against FGFR2 as reflected by a linear reduction of autophosphorylation inhibition with increasing ATP concentration.
Time-dependent mass spectrometric analysis of the phosphorylation status of FGFR2 during the autophosphorylation reaction confirmed that inhibition by ARQ 069 was sustained at high ATP concentrations. In the absence of the inhibitor, phosphorylation of up to five tyrosine residues was detected ( Fig. 3D and Supplementary  Fig. 5 ). However, pre-incubation of FGFR2 with 20 M ARQ 069 resulted in the complete inhibition of FGFR2 phosphorylation even at ATP concentrations of 5 mM (Fig. 3E) . These results show that inhibition of FGFR2 autophosphorylation by ARQ 069 is not ATPdependent even at physiological concentrations of ATP.
ARQ 069 interacts with FGFR2 to preclude binding of ATP.
The mechanism of inhibition of FGFR2 autophosphorylation was investigated by means of competitive binding experiments with AMP-PNP, a non-hydrolyzable analog of ATP. Binding was monitored by intrinsic tryptophan fluorescence quench. The K d measured for AMP-PNP and ARQ 069 binding to FGFR2 was 2 M and 5 M, respectively (Fig. 4A, 4C ). The competition between these two ligands was examined by incubating increasing concentrations of AMP-PNP with a pre-formed complex of FGFR2 and various concentrations of ARQ 069 (Fig. 4B) . As shown in the table in Fig. 4C , the binding affinity of AMP-PNP for FGFR2 decreased with increasing concentrations of preincubated ARQ 069.
Furthermore, at concentrations greater than 20 M of ARQ 069, AMP-PNP binding to FGFR2 was not detected. These results demonstrate that, at low inhibitor concentrations, sufficient sites are available for binding of AMP-PNP, but at higher inhibitor concentrations, the binding site is no longer available for ATP analog binding.
IA-MS displacement experiments confirmed this concentration-dependent exclusion of AMP-PNP binding by ARQ 069. Finally, when a pre-formed complex of FGFR2 and ARQ 069 was treated with a 10-fold excess of AMP-PNP, the amount of FGFR2-bound ARQ 069 remained unchanged, even after an incubation period of one hour ( Supplementary Fig. 3) .
These findings collectively demonstrate that ARQ 069 recognizes a conformation of FGFR2 that is not compatible with AMP-PNP binding (please see the following results section).
Inhibition of FGFR2 by ARQ 069 follows a slowdissociation mechanism. The rate of dissociation (off-rate) of ARQ 069 from FGFR2 was determined by pre-addition of ARQ 069 to FGFR2 and equilibration for 30 minutes at room temperature.
The resulting enzyme-inhibitor complex was diluted (100-fold) into the autophosphorylation assay. FGFR2 activation at any time point is directly related to the rate of dissociation of the enzyme-inhibitor complex. In the control reaction, no pre-mixing of the inhibitor and FGFR2 was performed.
As expected, when ARQ 069 was equilibrated for 30 minutes with FGFR2 prior to the addition of ATP, a 7-fold higher inhibition of phosphorylation was observed ( Fig. 4D and 4E) . Thus, slow dissociation kinetics likely contributes to the observed mixed-type mechanism of inhibition.
Kinase selectivity of ARQ 069. As ARQ 069 represented the first step in optimization of the potency of this in silico selected scaffold, it was important to determine the selectivity of this promising but early lead molecule. ARQ 069 was tested in a conventional panel of 96 human kinases at a concentration of 10 M using well-established microfluidics methodology. Of the nine kinases that were inhibited by 30% or greater, four were representatives of the FGFR kinase family: FGFR1, FGFR2, FGFR2 (N549H), and FGFR3. The other five kinases were Aurora C, c-raf-1, Aurora A, VEGFR2 (KDR) and CK1. The remaining kinases (n = 87) were all inhibited by less than 30%. These results were encouraging and supported further optimization of the series.
ARQ 069 inhibits the phosphorylation of FGFR and exerts an anti-proliferative effect in an FGFR2-dependent human gastric cancer cell line in an enantioselective manner. The proliferation of Kato III cells in vitro has been shown to be driven in large measure by over-expression of the most abundantly expressed FGFR family member, FGFR2 (24) . Following exposure to ARQ 069, Kato III cancer cells were stimulated by the FGFR2-specific keratinocyte growth factor (KGF) ligand (25) , and the degree of phosphorylation of FGFR measured using a pan-anti-phospho FGFR antibody. During two hours of exposure to ARQ 069 (Fig. 5A ) the degree of phosphorylation of FGFR (predominantly FGFR2) was reduced in a concentration-dependent manner, without decreasing-actin, the latter being a surrogate marker of cellular viability and integrity.
To test the enantioselective nature of the inhibition, the activity of ARQ 068 was also determined. As expected, ARQ 069 inhibited FGFR phosphorylation in Kato III cells with an IC 50 of 9.7 M, while ARQ 068 failed to inhibit FGFR phosphorylation at concentrations up to 60 M. When Kato III cells were treated with the enantiomers for 72 hours in a standard MTS cytotoxicity assay, the same rank order in antiproliferative potencies was observed (Table in Fig . 5B).
Structural basis for ARQ 069 recognition of the inactive conformation of FGFR2.
Previous structural studies have shown that FGFR2 can adopt an autoinhibited conformation with a triad of residues forming a hydrogen bond network near the hinge region. Phosphorylation of the A-loop tyrosines induces a break in this hydrogen bond network, or "molecular brake" leading to kinase activation ( Supplementary Fig. 4B ).
The unphosphorylated form of the FGFR2 kinase domain was co-crystallized with ARQ 069, and the structure solved to a resolution of 2.1Å, (Fig.  6A and Supplementary Table 1) . Comparison of the FGFR2-ARQ 069 complex structure with previously solved apo-FGFR2 (26) showed that FGFR2 adopts nearly identical configurations in the presence or absence of ARQ 069 with an overall r.m.s.d. of 0.283Å (Supplementary Fig.  4A ). However, further analysis of the FGFR2-ARQ 069 complex structure in comparison with the apo-FGFR2 structure indicated that both structures form strong crystallographic dimers, which are mediated by key structural elements such as the glycine-rich loop, activation loop and the C-helix (Supplementary Fig. 4C ). This was an unexpected finding, since the FGFR2 kinase domain was purified in the monomeric state and did not dimerize in solution. Furthermore, as ARQ 069 was optimized additional co-crystal structures of analogs with much improved potency and stronger binding to inactive FGFR2 were determined. However, no clear structural basis for the increased potency was apparent. Together these observations led to the conclusion that it would be difficult to find experimental conditions for co-crystallization of these inhibitors with FGFR2 that would demonstrate an artifact-free structure. Indeed, despite extensive crystallization experiments, FGFR2 could not be crystallized in an alternative crystal packing, and therefore the structure of the FGFR1-ARQ 069 complex was determined as a surrogate in the hope that it would yield co-crystal structures more representative of those found in solution.
ARQ 069 binds to the autoinhibited conformation of FGFR1. The overall FGFR1 structure is nearly identical to the previously published autoinhibited form with an r.m.s.d of only 0.260Å (13), (Fig. 6B and Supplementary Table  1 ). The aminopyrimidine group makes two hydrogen bond interactions with the hinge region. The 5,6-dihydrobenzo[h]quinazolin-2-amine core of ARQ 069 is sandwiched in a hydrophobic cleft between residues V492, L484, A512, Y563 (from above) and L630 (below). The plane of the phenyl ring of ARQ 069 is perpendicular to the 5,6-dihydrobenzo[h]quinazolin-2-amine core and occupies the main pocket. This phenyl ring makes hydrophobic contacts with the gatekeeper residue (V561) and the methionine residue of the -helix (M535), and this hydrophobic pocket is capped with the aliphatic side chain of the catalytic lysine residue (K514) (Fig. 6A) . The most striking feature of the FGFR1-ARQ 069 structure is the conformation of the A-loop, since this segment is virtually identical to that in the autoinhibited-FGFR1 structure and appears to interfere with substrate binding but not with ATP binding (13) (Fig. 6C) . Moreover, the C-helix and glycine rich loop adopt conformations that are very distinct from the phosphorylated form of FGFR1 (Fig. 6D) .
Interestingly, one major distinguishing feature between apo-FGFR1 and the FGFR1-ARQ 069 complex is the significant difference found within the glycine-rich loop. When the inhibitor binds, the phenylalanine (F489) of the glycine-rich loop makes a downward movement and establishes van der Waals interactions with the fused phenyl ring of ARQ 069. This glycine-rich loop structure is not observed in apo-FGFR1 (Fig.  6C) . Computational modeling of the binding of ARQ 069 into the active FGFR1 structure suggests that the position of the phenyl ring in the ATPbinding cleft imposes steric conflict between the glycine-rich loop and ARQ 069 (Fig. 7A) . Presumably, the interaction between ARQ 069 and the phenyl ring of the glycine-rich loop serves as an anchor to stabilize the conformation of the glycine-rich loop and contribute to the preference of ARQ 069 for the inactive form of FGFR1.
Hydrophobic residues play a key role in the interaction of ARQ 069 with FGFR2.
To further probe the hydrophobic interaction of ARQ 069 with non-polar residues in FGFR2 two mutations were made. The co-crystal structure of the FGFR1-ARQ 069 complex indicated that the two non-conserved hydrophobic residues (V564 and F492 residues in FGFR2) in FGFR1 participate in non-polar interactions with ARQ 069 (Fig. 7B) . To confirm this, V564 was mutated to threonine, and F492 was mutated to alanine. Three additional mutations were made to assess the effects of activating mutations of FGFR2. Three activating mutants were selected, K526E (the hinge region), E565G (the C-helix) and R678G (interacts with the A-loop), as each mutation maps to a distinct location in the kinase domain. Each of these was selected to better understand whether constitutive activation of FGFR2 prevents ARQ 069 from recognizing the autoinhibited form of the kinase.
To confirm that each mutant remained catalytically competent the activation rate of the five mutant proteins was tested (unphosphorylated forms) in the substrate phosphorylation assay using Pyk2 as substrate. As shown in Table in Fig. 7D , and as expected the activation rate was significantly elevated for the enzymes containing the activating mutations. The degree of activation of V564T and F492A was not significantly altered compared to wild type. The ability of ARQ 069 to inhibit the autophosphorylation of each of the mutants was assessed. The inhibitory activity of ARQ 069 was measured using the autophosphorylation assay. Interestingly, the activating mutants showed less than 3-fold decrease in potency as reflected by the increased IC 50 values and as expected the V564T and F492A mutants showed an increased resistance to inhibition by ARQ 069 (Fig 7C and 7D) . These results clearly demonstrate that the hydrophobic residues in the autoinhibited form of FGFR2 are critical for interaction with ARQ 069 and confirm the initial hypothesis that the hydrophobic clusters in kinases can be utilized to design inhibitors for inactive kinases.
DISCUSSION
For more than 25 years it has been recognized that kinases exist in active and/or inactive states in cells. A mechanism by which this transformation takes place both in the absence of small molecule inhibitors (3) and in their presence (27) is emerging. NMR spectroscopy (28) and deuterium exchange studies (29) have shown dramatic conformational transitions in kinases upon ATP binding indicating that these differences may be exploitable for the structurebased design of inhibitors.
Our structural analysis of a number of kinases in the inactive and more specifically in the autoinhibited state show a cleft lined with nonpolar residues organized into clusters that make the site hydrophobic and incompatible with nucleotide binding. Comparison of the ARQ 197-c-Met co-crystal structure with those of apokinases in the autoinhibited state led to the hypothesis that non-polar residues observed in the autoinhibited conformation could be exploited in the design of inhibitors. The aggregation of these hydrophobic clusters is likely facilitated by several regulatory mechanisms, such as a DFG-in/out flip (30) , positioning of hydrophobic residues into the ATP-binding pocket (31) , and interaction with autoinhibitory elements like the juxtamembrane domain (32) . To our knowledge, there has been no previously described systematic approach to exploit the presence of hydrophobic clusters in the ATP-binding cleft as the basis for the design of inhibitors.
The ATP-binding pocket described in previously reported structures of unphosphorylated apo-FGFR2, phosphorylated FGFR2 bound to an ATP analog, the gain-of-function, loss-offunction, and mutant FGFR2 structures are quite similar (26, 33) . On the basis of this structural information it is difficult to describe how FGFR activation takes place and to find support for conformational dynamics playing a key role in FGFR autoinhibition and activation. Indeed, the observation of a crystallization artifact with unphosphorylated FGFR2 impeded the validation of the homology model of FGFR2. Nonetheless, the FGFR2 model-driven optimization of ARQ 523 to ARQ 069 and the selectivity of ARQ 069 towards the inactive form of FGFR2 do support the use of the homology model of the autoinhibited FGFR2.
Although not all the predicted structural features of the homology model were present in the crystal structure of the FGFR1-ARQ 069 complex, FGFR1 bound to ARQ 069 does adopt the overall autoinhibited conformation previously reported (13) .
The results of the crystal structure, together with mutational analysis, validated the initial hypothesis that the non-conserved hydrophobic residues aggregate to form hydrophobic clusters in the inactive state and participate in non-polar interactions with inhibitors. The two non-conserved hydrophobic residues V561 and F489 (FGFR1 numbering) are critical for interaction with ARQ 069. Interestingly, upon binding to ARQ 069, the phenylalanine of the glycine-rich loop of FGFR1 adopts a downward conformation, and V492 participates in a non-polar interaction with the fused phenyl ring of ARQ 069 (corresponding to V495) in FGFR2. This interaction is not observed in the apo-FGFR1 or apo-FGFR2 structures. Modeling of ARQ 069 binding to the ATP analogbound FGFR1 structure shows a number of steric conflicts between the flexible glycine-rich loop and ARQ 069. This structural difference could contribute to the selectivity of ARQ 069 for the inactive forms of FGFR1 and FGFR2. A number of crystal structures have been reported for FGFR1 bound to small molecule inhibitors (34, 35) . Surprisingly, all of these structures show FGFR1 in a conformation very similar to that resulting from ARQ 069 binding, except for the position of the glycine-rich loop.
A similar downward glycine-rich loop conformation has, however, been observed in several other kinase-inhibitor complexes and has been suggested to play a role in stabilizing the inactive state of kinases (2, 4, 36, 37) .
The structural incompatibility of ATP binding to the conformation of ARQ 069-bound FGFR1 or FGFR2 does not explain the noncompetitive kinetic profile of ARQ 069 at high ATP concentrations. ARQ 069 was thus profiled extensively to characterize its mechanism of inhibition.
The conformational dynamics of kinases, between inactive and active states, is known to be influenced by the concentration of ATP. Indeed below the K d of ARQ 069 and with an excess of AMP-PNP, FGFR2 is more likely to adopt an active conformation. However, above saturating concentrations, ARQ 069 essentially locks FGFR2 in an inactive conformation that prevents AMP-PNP binding.
A number of earlier studies on the steadystate kinetic measurement of kinase autoactivation have indicated that the K m of ATP for the inactive form is significantly higher than for the activated or phosphorylated form, and that upon autophosphorylation, the K m for both ATP and peptide substrate decrease and k cat increases (38, 39) . This is also the case for FGFR2, where the K m for the inactive form is at least 10-fold higher than for the active form (19) , (26) . This suggests that inactive conformations of FGFR2 do not provide ready access for ATP binding, consistent with the observation that ARQ 069 exhibits non-ATP competitive kinetics at physiological ATP concentrations. Although the binding affinities of ARQ 069 and AMP-PNP to FGFR2 are similar, ARQ 069 is a relatively more potent inhibitor. AMP-PNP being the significantly weaker inhibitor (data not shown), strongly suggests that in solution, the ARQ 069-binding conformation is significantly different from that of the active kinase, as it would otherwise be expected that AMP-PNP and ARQ 069 should have similar inhibitory action.
Other inhibitors which bind in the ATPbinding cleft and display complex mechanisms of inhibition have been described (3, 23, 40, 41) . Determination of steady-state kinetic parameters in kinase assays for the inactive form of a protein kinase frequently involves two separate reactions, the autophosphorylation reaction (activation step) followed by a substrate phosphorylation reaction. The Type I inhibitors that bind both inactive and active forms are competitive against ATP in these assays. Inhibitors that target the inactive conformation may not show purely competitive kinetics against ATP. For example, certain p38 inhibitors, which bind to the hinge and occupy the allosteric back pocket, exhibit partially-ATPcompetitive kinetics (42, 43) .
The slow dissociation of these inhibitors could contribute to the observed non-competitive kinetics. When targeting the inactive conformation, an important assumption made in these assays is that the inhibitory activity is expected to propagate from the autophosphorylation reaction to the substrate phosphorylation reaction. In such complex assays, a number of kinetic parameters affect the determination of the mechanism of inhibition, such as k cat /K m of ATP and substrate and the affinity of the inhibitor for and off-rate of the inhibitor from the inactive form of the kinase. For example, sunitinib, which has previously been shown to be an ATP-competitive inhibitor with the isolated kinase domains of VEGFR2 and PDGFR, was reported recently to target the autoinhibited conformation of c-Kit with full potency, even at physiological ATP concentrations (36) . Consistent with these reports, the observed mixedtype binding mode of ARQ 069 with the inactive form of FGFR2 could be attributed, at least in part, to slow dissociation of the enzyme-inhibitor complex and is consistent with potent inhibition at physiological ATP concentrations.
The first step in the optimization of ARQ 523 produced ARQ 069, which was characterized as an FGFR inhibitor that targets the autoinhibited, inactive conformation of FGFR2 leading to good inhibition of substrate phosphorylation. Importantly, ARQ 069 inhibited FGFR2 autophosphorylation in cancer cells within the same range of potency as its biochemical potency in the presence of millimolar concentrations of ATP. In addition, since ARQ 069 demonstrates cellular activity in only a few hours, this suggests that the abundance of the inactive form in these cells is sufficient for significant abrogation of FGFR2 signaling to be achieved during this time frame.
In summary, a new understanding of the role of hydrophobic residues within the ATPbinding cleft of inactive kinases has been utilized in order to discover novel kinase inhibitors. Unlike Type II inhibitors, the inhibitors described here do not require interaction with a gatekeeper residue or interaction with catalytic lysine/glutamic acid residues to access the allosteric back pocket to stabilize the inactive conformation. This knowledge was applied to identify a novel molecular scaffold that binds to FGFR1 and FGFR2 kinases and inhibits FGFR kinase activity in cells. This approach can be generalized to the design of inhibitors for other kinase targets in the autoinhibited conformation.
The implementation of this new approach may provide a new generation of kinase inhibitors that exhibit a higher degree of selectivity across the kinome and access an as yet unexploited chemical space for their design. Through this approach it is expected that novel inhibitors can be discovered for a wide range of therapeutically relevant kinase targets.
The authors thank Dr. Susan Taylor for critical reading of this manuscript and the ArQule chemistry and analytical chemistry staff for the preparation and purification of ARQ 068 and ARQ 069. In addition, the authors are grateful to ArQule's research team members for their critical comments on the manuscript. (100 M) was pre-complexed with ARQ 069 at two concentrations (100 M and 200 M) and diluted by 100-fold into assay reaction mixture. The final concentrations of enzyme and inhibitor were identical to the control experiment (i.e., minimal complexing time) shown in panel (D). The reaction was followed in the presence of 4 mM ATP and the rate of activation was measured from the slope of the curve at identical time intervals. The inhibition of pre-complexed ARQ 069/FGFR2 was 7-fold higher than uncomplexed FGFR2 and was not reduced over time by a high ATP concentration. (A) Kato III human gastric carcinoma cells were plated and treated for 2 hours with the indicated concentrations of ARQ 069 and ARQ 068. Ten minutes after stimulation by keratinocyte growth factor, cells were harvested, lysed and subjected to SDS-PAGE and western blotting using an antibody to phosphorylated FGFR. An antibody to -actin served as a loading control. Since this cell line is known to harbor predominantly FGFR2, with a very low abundance of FGFR1, FGFR3 and FGFR4 (data not shown), the signal generated by the anti-phosphorylated FGFR is considered to be largely phosphorylated FGFR2 (24) . ARQ 069 inhibited FGFR phosphorylation with an IC 50 value of 9.7 M, while ARQ 068 completely failed to inhibit FGFR phosphorylation at concentrations up to 60 M. (B) Anti-proliferative activity of FGFR inhibitors in Kato III cells. Kato III gastric carcinoma cells were seeded in 96-well plates overnight (2,000 cells/well) in culture medium with 10% FBS. The next day, cells were treated with different concentrations of the indicated compounds for 72 hours at 37°C. Cells were then incubated and stained for 4 hours with methane thiosulfonate (MTS) reagent (final concentration of 0.5 mg/mL) (Promega) per well, lysed, and color development quantitated by spectrophotometry at  = 450 nm. The concentration of kinase inhibitor required to inhibit 50% of cell growth (GI 50 ) was calculated using ExcelFit™. While ARQ 069 showed anti-proliferative activity in this FGFR2-dependent cell line, ARQ 068 was a much weaker inhibitor. The ARQ 069 interaction with FGFR1 requires a rearrangement of hydrophobic residues in the ATP-binding cleft which re-orients the hydrophobic residues (yellow) creating a non-polar environment that is not compatible with ATP binding. The downward conformation of the glycine-rich loop in FGFR1 is mediated by hydrophobic interaction between F489, V492 and ARQ 069. The FGFR1/ARQ 069 complex structure was superimposed with AMP-ACP-bound phosphorylated FGFR1 (PDB ID; 3GQI) and ATP is shown in sticks. (B) Non-polar interaction of ARQ 069 with two nonconserved hydrophobic residues (F489 and V561). (C) Mutational analysis of ARQ 069 interaction with FGFR2. The effect of activating mutations (K526E, E565G and R678G) and non-conserved hydrophobic residues (F492A and V564T) mutations on FGFR2 autophosphorylation inhibition by ARQ 069 was measured. The potency of autoactivation was measured using a continuous spectrophotometeric assay to derive IC 50 values. (D) Comparison of activation rate (as measured by substrate phosphorylation) with the potency of FGFR2 inhibition by ARQ 069 for the various mutant proteins. Activating mutant proteins show q significant increase in the activation rate and autophosphorylation remains inhibited by ARQ 069. However, mutation of the ARQ 069 interacting residues F492A and V564T in FGFR2 prevents the inhibition of autophosphorylation by ARQ 069. 
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